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Alterations in neuroendocrine control of growth hormone secretion in
the uremic rat. Chronic renal insufficiency (CR1) is associated with
growth failure in children and laboratory rats and is considered to be
due, in part, to co-existent malnutrition. Alterations in hypothalamic
control of growth hormone (GH) secretion have been suggested in
uremic patients. We sought to determine whether factors unique to CR!
play a role in this disturbance of GH regulation. Using in situ hybrid-
ization histochemistry, we compared messenger RNA (mRNA) levels
for the hypothalamic neurohormones GH-releasing hormone (OHRH)
and somatostatin (SRIH) in three groups: rats with CR1 induced by 5/6
nephrectomy (NPX, N = 4); sham-operated, ad libitum fed rats (SAL,N = 5); and sham-operated, pair-fed rats (SPF, N = 5). We also
measured plasma OH at 10 minute intervals for a six hour period via
intra-atrial cannulae. The NPX group had significantly lower hypotha-
lamic GHRH mRNA concentrations than both other groups; in addi-
tion, these levels were significantly lower in the SPF than in the SAL
group. Concentrations of hypothalamic SRIH mRNA did not differ
significantly among the three experimental groups. Six-hour mean
plasma OH concentrations were significantly lower in the SPF (18.3
1.8 sg/liter) than in either the SAL (27.0 3.3 sg/1iter) or the NPX
groups (36.8 7.2 sg/liter); the difference in the mean plasma OH
levels in the NPX vs. the SAL group did not attain statistical signifi-
cance. This study provides evidence for an effect of CR1 on the
neuroendocrine control of OH secretion not related to caloric intake.
We hypothesize that a complex interplay of multiple factors leads to
altered plasma GH levels in CR1 and ultimately to growth failure. These
factors include decreased hypothalamic GHRH gene transcription and
decreased metabolic clearance of OH. We speculate that increased
circulating SRIH levels of non-hypothalamic origin and altered negative
feedback on GH secretion of both OH and insulin-like growth factor I
may also play a role in this dysregulation of plasma GH levels in uremia.
Children with chronic renal insufficiency (CR!) have failure of
linear growth which has been attributed to a number of factors:
water and electrolyte disturbances, protein-calorie deficiency,
metabolic acidosis, renal osteodystrophy, anemia, and endo-
crine disturbances, primarily of the growth hormone (OH) axis
[reviewed in 1]. With improved dietary intervention and dialysis
methodologies and the institution of alkali, calcitriol and eryth-
ropoietin therapies, many of these factors have been eradicated
to a great degree, yet growth failure remains a significant
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problem in this population of children. Although nutrition
appears to be vital in determining growth in the infant with CR1,
dietary manipulation beyond the first year of life has had little
effect on linear growth. Nevertheless, malnutrition remains an
inevitable component of CR1 [1].
One issue of contention still unresolved is the relative impor-
tance and potential interaction of malnutrition and the uremic
state itself in contributing to the alterations within the GH axis.
In rats, food deprivation has profound effects on the regulation
of GH secretion at both the hypothalamic and pituitary levels
[2—10]. CR1 may also lead to abnormalities in the GH axis
secondary to alterations in metabolic clearance [11—15] and
distribution volume [12] of the hormone. Interruption of the
normal negative feedback on GH secretion because of de-
creased end-organ responsiveness to both GH and insulin-like
growth factor I (IGF-I) has been postulated in uremia [16—20].
In humans with CR1, elevated baseline GH levels [21—24] and
abnormal (both elevated and depressed) GH secretory re-
sponses to various stimuli [25], such as hyper- and hypoglyce-
mia, arginine, GH-releasing hormone (GHRH) and L-dopa,
have been observed. However, isolated somatotropes from rats
with CR1 retain normal responsiveness to GHRH in vitro [26,
27]. Thus it appears that the hypothalamus, rather than the
pituitary gland, is a major site of dysregulation of GH secretion
in the uremic state. However, no investigations at the molecular
level into the hypothalamic control of circulating OH have been
reported in the rat to date.
We hypothesized that unique effects of CR1 on the GH axis
exist independently of those of malnutrition. We employed in
situ hybridization histochemistry to study the effects in rats of
these two physiologic stressors on the concentrations of mes-
senger RNA (mRNA) for GHRH and somatostatin (SRIH), the
two hypothalamic hormones which control pituitary GH syn-
thesis and secretion. In addition, we evaluated the effect of food
deprivation and CR1 on plasma concentration of OH, using
repeated blood sampling via intra-atrial cannulae [28]. To
undertake this study, it was decided to use the well-studied
paradigm [8, 29] of inducing CR1 in rats via 5/6 nephrectomy
[30] and then comparing these uremic animals with two sham-
operated control groups: rats fed ad libitum and those matched
for protein and caloric intake.
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Methods
Animals
Male Sprague-Dawley rats at 32 days of age and with a mean
weight of 91.8 2.0 g were obtained from Charles River
Laboratories (Wilmington, Massachusetts, USA). They were
maintained in individual cages at ambient room temperature on
12-hour light-dark cycles. Tap water was available ad libitum.
Experimental design
The experimental protocol was approved by the Institutional
Animal Care and Use Committee of the Virginia Common-
wealth University.
At 46 days of age and at a mean body weight of 192.3 4.8
g, rats underwent either 5/6 nephrectomy (NPX, N =5) or sham
surgery (N = 10) on day 0 of the study. Surgeries were
performed in two stages [30], using pentobarbital (1.25 mgIlOO g
body wt, intraperitoneally) and ketamine (4 mg/100 g body wt,
intramuscularly) anesthesia. On day 0, the left kidney was
exposed and decapsulated in all rats; the upper and lower thirds
of the organ were excised in the NPX group only. On day 7, the
right kidney was exposed and decapsulated in all rats. In the
NPX group only, the renal pedicle was ligated, and the entire
kidney was removed.
For each of the five NPX animals, one of the sham-operated
rats was chosen to be its pair-fed (SPF) control; the other five
sham-operated rats were fed ad libitum (SAL). All animals
received the same diet: standard powdered rat chow (AIN-76
Semipurified Diet, United States Biochemical, Cleveland,
Ohio, USA) modified to contain a total of 35.3% casein; protein
supplementation was provided to exacerbate the uremic state of
the NPX animals and to ensure a normal protein intake in the
SPF animals.
Intra-atrial cannulae were placed under ether anesthesia in all
rats on day 17, and repetitive plasma sampling for GH using 0.2
ml aliquots (with replacement of the red blood cells after
resuspension in normal saline) was undertaken at 10 minute
intervals for a period of six hours (from 1030 to 1630 hr) on day
21 [28]. One of the NPX animals died shortly after this proce-
dure and was excluded from the study (N = 4).
All animals were sacrificed by decapitation on day 22. The
brains were removed immediately, frozen on dry ice and then
stored in aluminum foil and plastic wrap at —80°C until further
use. For histological sectioning, the brains were allowed to
equilibrate in a cryostat at —16°C. Coronal sections were made
at 16 tm and then thaw-mounted on gelatin-coated slides.
Using a standard rat brain atlas [311, sections were obtained
between plates 22 and 25 inclusive (hypothalamic periventricu-
lar nuclei) for SRIH and between plates 29 and 33 inclusive for
GHRH (hypothalamic arcuate and ventromedial nuclei). Tissue
sections were stored at —20°C until processing for in situ
hybridization.
In situ hybridization histochemistry
The following DNA oligoprobes were constructed: a 45-base
construct complementary to nucleotides 31-75 of rat pre-
proGHRH mRNA [32] and a 30mer complementary to nude-
otides 310-339 of rat preproSRlH mRNA [33]. Oligoprobes
were separately 3'-end-labeled [34] with [35S]-deoxyadenosine
5'-[a-thio]-triphosphate (NEN Research Products, DuPont
Company, Boston, Massachusetts, USA) and terminal deoxy-
nucleotidyl transferase (IBI, New Haven, Connecticut, USA)
to final specific activities of approximately 1 X i09 dpmig.
For each probe, all brain sections (approximately 20 per
animal) were processed in a single batch to prevent interassay
variability. The methodology for the in situ hybridization has
been described elsewhere [35]. The amount of radiolabel added
to each slide of four tissue sections was approximately 1 x 106
dpm for GHRH and 3 x 106 dpm for SRIH. The final washes
were in 0.5x SSC for one hour at 45°C for GHRH and at 40°C
for SRIH. The slides were then exposed to X-ray films, and the
latter were developed after 21 days for GHRH and after three
days for SRIH.
Densitometric analysis was performed at the Biomedical
Image Processing Center of the University of Virginia. The
system used consists of a Leitz Orthoplan microscope, a Dage
Model 68 Newvicon video camera with external gain and black
level control, and a Gould 1P8500 image processing system
which are driven by customized image analysis software [36].
All densitometric analyses were performed in a blinded manner
by one observer (D.L.M.). Results of densitometry are ex-
pressed as the absolute area of signal (in m2), the optical
density of the image compared to background (in relative OD
units), and the product of these two [referred to here as the OD
index, expressed as (pm2 x OD units)].
Immunoassay
GH was measured using a radioimmunoassay described
previously [37]. The lower limit of detection of this assay was
4.0 .tgIliter. The intra-assay coefficient of variation was 10.5%.
The GH results from one SPF animal were uninterpretable
because of technical error.
Data analysis
Results are reported as mean SEM. The normality of all data
sets was assessed by the application of the Wilk-Shapiro
statistic; logarithmic transformation was undertaken prior to
analysis for all data sets not normally distributed. A priori
comparisons of data between the SAL rats and either the SPF
or the NPX rats were made using the two-tailed, unpaired
Student's t-test. Comparisons of results between the SPF and
the NPX rats were made with the two-tailed, paired Student's
1-test. A value of P < 0.05 was accepted as statistically
significant.
Results
Table 1 shows the results of treatment on weight gain, food
consumption and food efficiency (defined as g of body weight
gained per g of food consumed) in the three experimental
groups from day 8 to day 22. Both weight gain and food
efficiency were greatest in the SAL group, intermediate in the
SPF group and lowest in the NPX group, with significant
differences noted among all three groups. In addition, food
consumption was significantly greater in the SAL group than in
either the SPF or the NPX group.
Localization of quantifiable mRNA for both GHRH and
SRIH was observed in the appropriate hypothalamic nuclei of
all animals (Fig. 1). Because the reticular pattern of signal for
GHRH in the ventromedial nuclei precluded accurate densito-
metric analysis, only the arcuate nuclei were evaluated for
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Table 1. Comparison (mean SEM) of the effects of treatment on
weight gain, food consumption and food efficiency from day 8 to day
22 in 5/6 nephrectomized (NPX), sham-operated, ad libitum fed
(SAL) and sham-operated, pair-fed (SPF) rats
SAL SPF NPX
(N=5) (N=5) (N=4)
Weight gain 6.0 0.3 2.8 0.5' —1.4 0.8c
giday
Food consumed 27.7 l.9 18.5 1,2" 17.8 2.0"
giday
Food efficiency" 0.22 o.ola 0.15 0,02b —0.09 0.05c
d Food efficiency is defined as g of body weight gained per g of food
consumed. Within a row, differences in data not sharing identical
superscripts are statistically significant (P < 0.05).
GHRH mRNA content. Since we had previously observed that
the rostral portion of the periventricular nucleus corresponding
to plates 24 and 25 of the reference rat brain atlas [31] has the
highest content of SRIH mRNA (unpublished results), the data
from this segment were also analyzed separately.
In Table 2 are shown the results of densitometric analysis of
hypothalamic GHRH gene transcript levels. The mean area of
the GHRH mRNA signal was significantly decreased in the
NPX versus the SAL group (P = 0.01), in the NPX versus the
SPF group (P = 0.0002), and in the SPF versus the SAL group(P = 0.04). The mean optical density was significantly lower in
the NPX versus the SAL group (P = 0.006). Finally, the mean
OD index of the GHRH mRNA signal was significantly de-
creased in the NPX versus the SAL group (P = 0.005), in the
NPX versus the SPF group (P = 0.04), and in the SPF versus
the SAL group (P < 0.05).
Table 3 lists the results of quantitation of SRIH mRNA
levels. Although the mean SRIH mRNA abundance by all
measures was highest in the SAL group, intermediate in the
NPX group and lowest in the SPF group, these results did not
attain statistical significance in the number of rats studied. The
only difference noted among the three groups was a significantly
larger mean area of SRIH mRNA signal in the NPX versus the
SPF group (P = 0.03) in the subsegment of the periventricular
nuclei corresponding to reference plates 24 and 25.
In Table 4 are shown the results of the six-hour mean plasma
GH concentrations for the three groups of experimental ani-
mals. Mean GH levels were significantly higher in the SAL
versus the SPF group (P < 0.05), and they were also greater in
the NPX versus the SPF group (P = 0.03). Although the mean
GH concentrations were higher in the NPX versus the SAL
group, this difference did not attain statistical significance. Also
shown are the recently reported [15] GH plasma elimination
half-lives for these animals, as determined by deconvolution
analysis [11] of plasma GH concentration-versus-time series.
The half-life is significantly greater in the NPX versus both the
SAL (P = 0.002) and the SPF (P = 0.02) groups; it is also
significantly greater in the SPF versus the SAL group (P
0.01).
Discussion
In this study, we hypothesized that both malnutrition and
CR1-specific factors can alter the physiology of GH secretion in
the uremic rat. Using in Situ hybridization histochemistry, we
have demonstrated significant reductions in gene expression of
GHRH, one of the major hypothalamic neuroregulators of GH
release, in food-deprived and uremic rats. Associated with
these changes was a marked decrease in six-hour mean plasma
GH concentrations in the malnourished (pair-fed) rats com-
pared to both the ad libitum fed and the uremic rats. Given the
alterations in hypothalamic GHRH mRNA content—which are
significantly more pronounced in CR1 than in simple food
deprivation—and the divergent plasma GH levels among the
three groups, we contend that factors in uremia other than
decreased caloric intake are involved in the etiology of these
observed changes.
The experimental model used here, 5/6 nephrectomy, pro-
duces a state of mild to moderate renal failure with elevated
plasma urea nitrogen and creatinine levels [8, 23, 26, 27, 29, 30].
Nephrectomized animals also exhibit markedly decreased ca-
loric intake and food efficiency, which result in poor weight gain
and decreased linear growth [8, 23, 26, 27]. Sham-operated,
pair-fed animals generally demonstrate weight gain, linear
growth and food efficiency intermediate between nephrecto-
mized and ad libitum fed controls [8, 23]. The results presented
in Table 1 are therefore compatible with previous findings.
Food deprivation has profound effects on the GH axis of the
rat. Our finding of significantly decreased plasma GH concen-
trations in the SPF versus the SAL rats confirms previous
observations in the food-deprived rat [2, 4—7]. Moreover, the
deconvolution-derived GH elimination half-life is significantly
longer in the SPF versus the SAL rats [15]; other researchers
have also documented that fasting in rats is associated with a
decrease in both the metabolic clearance rate and the apparent
distribution volume of GH [38]. It is therefore likely that the
lower plasma GH levels observed in the food-deprived (SPF)
rats specifically reflect decreased pituitary GH secretion. The
cause of this diminution in GH production is not known with
certainty. Using an early bioassay, Meites and Fiel [3] demon-
strated that the hypothalami of starved rats contain less GHRH-
like activity than controls fed ad libitum. This is corroborated
by our observation that the SPF animals have significantly
lower hypothalamic GHRH mRNA content than the SAL
group. Similar findings of decreased GHRH mRNA levels—but
with normal GHRH peptide content—in the hypothalami of
starved rats have also been observed by Bruno et al [9]; this
appears to a specific effect of protein deprivation [10]. It should
be mentioned that these findings in rats are in sharp contradis-
tinction to those in humans, in whom fasting is associated with
large increases in GH secretion [39].
Increased SRIH tone also appears to play a role in the
decreased plasma GH levels of starvation. Endogenous and
exogenous SRIH have inhibitory effects on both hypothalamic
GHRH release and pituitary GH secretion [40]. Indeed, func-
tional SRIH receptors have been identified on GHRH-secreting
neurons in the hypothalamic arcuate nucleus [41]. Tannenbaum
and colleagues [2] showed that passive immunization with
antiserum to SRIH restores normal pulsatile GH secretion in
malnourished rats. While it is agreed that fasted rats have
increased circulating plasma concentrations of SRIH similar to
normal peak concentrations in hypothalamic portal blood [6],
the source of this SRIH is disputed. Mounier and coworkers [7]
demonstrated that mean GH levels do not decrease further with
starvation in rats which have undergone hypothalamic-pituitary
disconnection, indicating that the increased SRIH of starvation
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Fig. 1. Autoradiographs on X-ray film from in situ hybridizationfor GJJRH and SRI!! mRNA in the hypothalamus of a control rat. There is dense
localization of OHRH mRNA in the arcuate nuclei (A). Note also the fainter, reticular pattern of signal in the ventromedial nuclei. B. Demonstrates
the dense localization of SRIH iriRNA in the periventricular nuclei of the hypothalamus; there is also diffuse signal throughout the cerebral cortex
consistent with the role of SRII-l as a prevalent neurotransmitter.
Table 2. GHRH mRNA content (mean saM) in the hypothalamic
arcuate nuclei of the experimenta] animals
SAL(N=5) SPF(N=5)
NPX
(N=4)
Area(x l0—) jun2 15.7 1.6" 11.3 08" 9.0 0.7"
Optical density 0.42 0.03k 035 004"." 0.28 0.02"
relative 00 units
GD index (x l0—) 67-2 10.4" 39.9 6.1" 25.3 t 4.0"
— X OD units
Within a row, differences in data not sharing identical superscripts
are statistically significant (P <0.05). See Table 1 for abbreviations.
Table 3. SRIH mRNA content (mean saM) in the hypothalamic
periventricular nuclei of the experimental animals
SAL SPF NPX
Platese (N=5) (N = 5) (N = 4)
Area (x l0—) 22—25 28.0 5.1 19.2 2.5 24.4 3.4
jun2 24—25 41.4 12.0"-" 31.0 1.7" 39.6 3,3"
Optical density 22—25 0.49 0.04 0.43 0.02 0.43 0.02
relative OD 24—25 0.54 0.03 0.51 0.18 0.49 0.04
units
GD index (x 10—s) 22—25 154.6 37.9 89.1 13.6 118.7 23.4
jun2 x GD units 24—25 235.2 37.7 160.7 4.7 202.1 31.1
a,b Within a row, differences in data not sharing identical superscripts
a and b are statistically significant (P < 0.05). See Table 1 for
abbreviations.
Plates 22—25 represent the entire segment of the periventricular
nuclei studied; plates 24—25 represent the subsegment of these nuclei
with the greatest SlUM mRNA content.
is of central origin. Other investigators, however, have ob-
served increased levels of SRIH peptide in the pancreas and
gut—but not in the hypothalamus—of food-deprived rats [5].
indeed, there is a significant increase of SRIH mRNA content
in rat gastric antrum within 12 hours of the onset of fasting [42].
Bruno and coworkers [91 likewise found unchanged SRIH
mRNA and peptide concentrations in the hypothalami of
starved rats versus fed controls. In our study, the hypothalamic
content of SRIH inRNA is statistically indistinguishable in the
SAL and the SPF animals. We are therefore unable to provide
Table 4. Six-hour mean (± 5EM) plasma OH concentrations and
plasma GH elimination half-lives in the experimental animals
SAL(N=5) SPE(N=4) NPX(N=4)
Six-hour mean plasma 27.0 3.3" 18.3 1.8" 36.8 7.2"
OH g/liler
Plasma half-life mitt 11.5 0.6" 13.9 o.t 16.5 0.8
Elimination half-lives were determined by deconvolution analysis
and previously reported in reference 15. Within a row, differences in
data not sharing identical superscripts are statistically significant (P <
0.05). See Table 1 for abbreviations.
further evidence for the origin of the increased SR1H tone in
starvation.
CR1 also exerts a number of effects on the OH axis [14].
Studies in humans have shown that random and serial OH
concentrations are generally increased in CR1 [21, 22, 241.
Likewise, one previous study has demonstrated higher random
OH concentrations in uremic rats compared to both ad libiturn
and pair-fed controls [23]. However, while Lacour and col-
leagues did not observe any differences in random serum OH
concentrations between similar groups, they did demonstrate
significantly higher pituitary (3M content in uremic rats than in
control rats fed ad libitum [29]. This latter phenomenon is
consistent with the finding of increased SRIH tone in CR! [43].
This study represents the only investigation to date using
repeated blood sampling for OH in uremic rats. While our data
suggest that mean plasma OH concentrations may be elevated
in the uremic (NPX) versus the SAL group, this difference did
not attain statistical significance in our limited number of
animals. Nonetheless, mean plasma OH levels are significantly
higher in the NPX than in the SPF group; this suggests that
there may be two opposing influences on OH concentrations in
rats with CR1: starvation, which is inhibitory to OH production,
and some factor(s) unique to uremia which is causing an
apparent elevation in plasma OH concentrations. Additionally,
it is unknown whether some partially degraded, bioinactive
forms of OH could interfere with the R!A and result in
spuriously high immunoactive OH levels [14, 38].
Either a decrease in metabolic clearance or an increase in
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pituitary GH secretion, or both, could lead to increased circu-
lating OH in rats with CR1. Plasma GH elimination half-life is
significantly greater in the NPX versus either the SPF or the
SAL group [15]; similar findings have also been demonstrated in
humans [12, 14, 24]. Since up to 70% of circulating OH may be
degraded in the rat kidney [13], this increased elimination
half-life may reflect a reduction of glomerular clearance of OH
in CR1. GH is also eliminated from the plasma through its
binding to GH receptors on target tissues with subsequent
hormone-receptor complex internalization and lysosomal deg-
radation [44]. A decrease in the number of hepatic OH-binding
sites, such as is observed in uremic rats [16], could therefore
lead to reduced clearance of GH. A decrease in GH-binding
protein, such as has been documented in uremic children [17],
or an alteration in its binding equilibrium with GH could also
potentially affect hormone clearance [14]. Finally, the volume
of distribution of growth hormone is significantly increased in
human with CR1 [12]; any estimate of endogenous GH produc-
tion or clearance must necessarily take this fact into consider-
ation.
Direct measurements of OH production rates were not per-
formed in this study; these await the application of newer
mathematical techniques, such as deconvolution modeling [11],
to a larger number of plasma OH concentration-versus-time
series from uremic humans and rats. Nonetheless, the finding of
significantly lower hypothalamic levels of GHRH mRNA in the
NPX versus the SAL rats offers indirect evidence that GH
production may be severely diminished in CR1. Furthermore,
because these values are even lower in the NPX versus the SPF
rats, this decrease in hypothalamic GHRH mRNA content
associated with CR1 cannot be ascribed to caloric deprivation
alone. Since the hypothalamic content of SRIH mRNA was not
significantly different between the NPX and the SPF group, we
are unable to explain the higher GH concentrations in the NPX
group on the basis of altered hypothalamic SRIH input. Nev-
ertheless, plasma SRIH peptide concentrations are increased in
adults with CR1 [43]. The reason for this is uncertain, but it does
not appear to be a result of impaired metabolic clearance of
SRIH [43]. It is also unknown whether plasma SRIH levels are
higher in uremic rats versus pair-fed controls, that is, whether
malnutrition is the sole reason for the elevated SRIH. Future
studies will need to elucidate the relative contributory roles of
decreased GH clearance and neuroendocrine dysregulation of
OH secretion to the observed alterations of plasma GH levels.
At present, it is not known which factor(s) peculiar to uremia
might explain the non-caloric intake-related alterations in hy-
pothalamic control of GH secretion. In healthy humans and
rats, both OH and IGF-I exert negative feedback inhibition on
OH production; this is mediated at least in part through SRIH
[40]. A state of primary resistance to GH is postulated to occur
in CR1, since uremic rats have fewer hepatic OH-binding sites
than controls [16], and children with CR1 have decreased
plasma concentrations of OH-binding protein, an indirect mea-
sure of GH receptor number [17]. However, the significance of
these alterations on hormone end-organ action have not been
completely elucidated. Notwithstanding any resistance to OH,
the product of its action on target tissues, IGF-I, is found in
normal concentrations by immunoassay in the plasma of chil-
dren [18] and rats [8] with CR!. However, the bioactivity of
IGF-I is reduced, probably because of the accumulation in
Fig. 2. Hypothetical model of the effects in the rat of caloric depriva-
tion and CR1 on GH secretion and elimination as manifested by
alterations in peripheral OH concentrations. In malnutrition (left), GH
production is decreased secondary to diminished hypothalamic GHRH
synthesis and to increased SRIH tone, probably of non-hypothalamic
origin. Despite a small increase in plasma elimination half-life, periph-
eral levels of OH are decreased in malnutrition. In CR1 (right),
hypothalamic GHRH levels are lower still, leading to decreased OH
production; in addition, plasma OH half-life is markedly prolonged in
CR!. The effects of co-existent malnutrition and CR1-specific factors
lead to an overall increase in plasma OH levels in the uremic rat.
uremia of IGF-binding proteins [18, 20], which act to maintain
free IOF-I at very reduced concentrations. In addition, other
researchers have identified a low molecular weight (<1 kD),
non-protein, dialyzable inhibitor of IGF-I-induced sulfate and
uridine uptake into cartilage [19]. If this end-organ resistance to
GH and/or IGF-I extended to the hypothalamic-pituitary-OH
axis, GHRH gene transcription might be expected to increase to
provide a compensatory rise in OH secretion. Since this was
not observed in our experiment, other unidentified factors may
be involved which inhibit GHRH gene expression.
In summary, our preliminary study in a limited number of
animals has demonstrated that the neuroendocrine regulation of
GH secretion is altered at the hypothalamic level in rats with
CR1 (Fig. 2). We observed that uremic rats have decreased
hypothalamic concentrations of mRNA for GHRH, even when
compared to pair-fed controls. This provides evidence for an
effect of uremia on hypothalamic OHRH gene expression that is
not related to caloric intake. We were unable to demonstrate
alterations in SRIH mRNA content in the hypothalamus caused
by either food deprivation or CR1. Despite the decreased
OHRH mRNA content and the unchanged SRIH mRNA con-
tent in the hypothalamus, plasma GH levels are increased in
CR!. We speculate that other factors are involved which may
alter GH concentrations in CR1. These could include decreased
renal (and perhaps extrarenal) clearance and increased distri-
bution volume of the hormone, increased SRIH tone of non-
hypothalamic origin, as well as alterations of GH and IGF-I
negative feedback on the neuroendocrine regulation of OH
secretion.
Metzger et a!: Neuroendocrine control of GH secretion in CR1 1047
Acknowledgments
This work was supported in part by NIH Institutional Training Grant
T32 DK07642 (to D.L.M.), NIH Clinical Investigator Award K08
HD00926 (to J.R.K.), and NIH Individual Investigator Grant ROl
DK31370 (to J.C.M.C.). We acknowledge Mr. Thomas Breeden and
Mr. Peter Lauren of the University of Virginia Biomedical Image
Processing Center for their technical assistance. We are also grateful to
Dr. Robert Abbott for his helpful advice regarding the statistical
analysis, and to Dr. Kazuhiko Niimi for his assistance with this
research.
Reprint requests to Daniel L. Metzger, M.D., Department of Pedi-
atrics, University of Virginia Health Sciences Center, Building MR-41
Room 3037, Charlottesville, Virginia 22908, USA.
References
1. MEHLS 0, SCHAEFER F, TONSHOFF B: Growth Disorders in
Chronic Renal Failure. Oxford, Oxford Clinical Communications,
1991
2. TANNENBAUM GS, EPELBAUM J, COLLE E, BRAZEAU P, MARTIN
JB: Antiserum to somatostatin reverses starvation-induced inhibi-
tion of growth hormone but not insulin secretion. Endocrinology
102:1909—1914, 1978
3. MEITES J, FIEL NJ: Effect of starvation on hypothalamic content of
'somatotropin releasing factor" and pituitary growth hormone
content. Endocrinology 77:455—460, 1965
4. TRENKLE A: Effect of starvation on pituitary and plasma growth
hormone in rats. Proc Soc Exp Biol Med 135:77—80, 1970
5. TANNENBAUM GS, RORSTAD 0, Biznxu P: Effects of prolonged
food deprivation on the ultradian growth hormone rhythm and
immunoreactive somatostatin tissue levels in the rat. Endocrinol-
ogy 104:1733—1738, 1979
6. TANNENBAUM GS, PAIN50N J-C, LENGYEL AMJ, BRAZEAU P:
Paradoxical enhancement of pituitary growth hormone (GH) re-
sponsiveness to OH-releasing factor in the face of high somatosta-
tin tone. Endocrinology 124:1380—1388, 1989
7. MOUNIER F, BLUET-PAJOT MT, DURAND D, KORDON C, RA-
SOLONJANAHARY R, EPELBAUM J: Involvement of central soma-
tostatin in the alteration of GH secretion in starved rats. Horm Res
31:266—270, 1989
8. POWELL DR, ROSENFELD RG, HINTZ RL: Effects of growth
hormone therapy and malnutrition on the growth of rats with renal
failure. Pediatr Nephrol 2:425—430, 1988
9. BRUNO JF, OLCHOVSKY D, WHITE JD, LEIDY JW, SONG J,
BERELOWITZ M: Influence of food deprivation in the rat on
hypothalamic expression of growth hormone-releasing factor and
somatostatin. Endocrinology 127:2111—2116, 1990
10. BRUNO JF, SONG J, BERELOWITZ M: Regulation of rat hypotha-
lamic preprogrowth hormone-releasing factor messenger ribonu-
cleic acid by dietary protein. Endocrinology 129:1226-1232, 1991
11. VELDHUIS JD, JOHNSON ML, BOLTON WK: Analyzing pulsatile
endocrine data in patients with chronic renal failure: A brief review
of deconvolution techniques. Pediatr Nephrol 5:522—528, 1991
12. OWENS D, SRIVASTAVA MC, TOMPKINS CV, NABARRO JDN,
SONKSEN PH: Studies on the metabolic clearance rate, apparent
distribution space and plasma half-disappearance time of unlabelled
human growth hormone in normal subjects and in patients with
liver disease, renal disease, thyroid disease and diabetes mellitus.
Eur J Clin Invest 3:284-294, 1973
13. JOHNSON V, MAACK T: Renal extraction, filtration, absorption, and
catabolism of growth hormone. Am J Physiol 233:F185—F196, 1977
14. VELDHUIS JD, JOHNSON ML, WILKOWSKI MJ, IRANMANESH A,
BOLTON WK: Neuroendocrine alterations in the somatotrophic
axis in chronic renal failure. Ada Paediatr Scand (Suppl 379): 12—
22, 1991
15. KRIEG RJ JR. NIIMI K, CHAN JCM, VELDHUIS JD: Pulsatile growth
hormone (GH) secretion and clearance in chronic uremia in the rat.
(abstract) Pediatr Res 31:337A, 1992
16. FINIDORI J, PO5TEL-VINAY MC, KLEINKNECHT C: Lactogenic and
somatotrophic binding sites in liver membranes of rats with renal
insufficiency. Endocrinology 106:1960-1965, 1980
17. POSTEL-VINAY MC, TAR A, CROSNIER H, BROYER M, RAPPAPORT
R, TONSHOFF B, MEHLS 0: Plasma growth hormone-binding activ-
ity is low in uraemic children. Pediatr Nephrol 5:545—547, 1991
18. POWELL DR, ROSENFELD RG, SPERRY JB, BAKER BK, HINTZ RL:
Serum concentrations of insulin-like growth factor (IGF)-l, IGF-2
and unsaturated somatomedin carrier proteins in children with
chronic renal failure. Am J Kidney Dis 10:287—292, 1987
19. PHILLIPS LS, GOLDSTEIN 5, KLEIN JD, SULINSKI CM, EL-KEBBI
IM, ZIEMER DC, POLLET RJ, STULTS J: Uremic serum growth
inhibitor. (abstract) Clin Res 38:33A, 1990
20. BLUM WF, RANKE MB, KIETZMANN K, TONSHOFF B, MEHLS 0:
Growth hormone resistance and inhibition of somatomedin activity
by excess of insulin-like growth factor binding protein in uraemia.
Pediatr Nephrol 5:539—544, 1991
21. HOKKEN-KOELEGA ACS, HACKENG WHL, STIJNEN T, WIT JM, DE
MUINCK KEIZER-SCHRAMA SMPF, DROP SLS: Twenty-four-hour
plasma growth hormone (GH) profiles, urinary OH excretion, and
plasma insulin-like growth factor-I and -H levels in prepubertal
children with chronic renal insufficiency and severe growth retar-
dation. J Clin Endocrinol Metab 71:688—695, 1990
22. SAMAAN NA, FREEMAN RM: Growth hormone levels in severe
renal failure. Metabolism 19:102—113, 1970
23. MEHLS 0, RITZ E, HUNZIKER E-B, EGGLI P, HEINRICH U, ZAPE J:
Improvement of growth and food utilization by human recombinant
growth hormone in uremia. Kidney Int 33:45—52, 1988
24. TON5HOFF B, VELDHUIS JD, HEINRICH U, MEHLS 0: Deconvolu-
tion analysis of spontaneous and stimulated growth hormone (GH)
secretion in prepubertal children with chronic renal failure (CRF).
(abstract) JAm Soc Nephrol 2:245, 1991
25. SANTOS F, OREJAS G, REY C, GARCIA-VICENTE S, MALAGA 5:
Growth hormone metabolism in uremia. Child Nephrol Urol 11:
130—133, 1991
26. SANTOS F, CHAN JCM, KRIEG Ri, NIIMI K, HANNA JD, WELLONS
MD, POLETFI LF: Growth hormone secretion from pituitary cells in
chronic renal insufficiency. Kidney mt 41:356—360, 1992
27. POLETTI LF, KRIEG RJ JR, SANTOS F, NIIMI K, HANNA JD, CHAN
JCM: Growth hormone secretory capacity of individual somato-
tropes in rats with chronic renal insufficiency. Pediatr Res 31:528—
531, 1992
28. DESJARDIN C: Indwelling vascular cannulas for remote blood
sampling, infusion, and long-term instrumentation of small labora-
tory animals, in Research Surgery and Care of the Research
Animal: Patient Care, Vascular Access and Telemetry, edited by
GAY WI, HEAVNER JE, San Diego, Academic Press, 1986, pp.
143—194 (GAY WI, editor: Methods of Animal Experimentation,
vol. VII, Part A)
29. LACOUR B, ROULLET JB, BLUET-PAJOT MI, YVERT JP, DRUEKE
T, DURAND D: Plasma and pituitary content of growth hormone,
luteinizing hormone and prolactin in uremic rats: Effects of chronic
infusion of insulin. Nephron 44:235—239, 1986
30. STERNER G: Experimental chronic renal failure in rats. (letter)
Nephron 24:207—208, 1979
31. PAXINOS G, WATSON C: The Rat Brain in Stereotaxic Coordinates
(2nd ed). San Diego, Academic Press, 1986
32. MAYO KE, CERELLI GM, ROSENFELD MG, EVANS RM: Charac-
terization of cDNA and genOmic clones encoding the precursor to
rat hypothalamic growth hormone-releasing factor. Nature 314:
464—467, 1985
33. GOODMAN RH, ARON DC, Roos BA: Rat pre-prosomatostatin:
Structure and processing by microsomal membranes. J Biol Chem
258:5570—5573, 1983
34. COLLINS ML, HUNSAKER WR: Improved hybridization assays
employing tailed oligonucleotide probes: A direct comparison with
5'-end-labeled oligonucleotide probes and nick-translated plasmid
probes. Anal Biochem 151:211—224, 1985
35. KERRIGAN JR, MARTHA PM JR, KRIEG Ri JR, QUEEN TA, MONA-
HAN PE, R000L AD: Augmented hypothalamic proopiomelanocor-
tin gene expression with pubertal development in the male rat:
Evidence for an androgen receptor-independent action. Endocri-
nology 128:1029—1035, 1991
36. BREEDEN TM, PETROLL WM, BORN DE, ANNE A: Grain counting
with the Gould 1P8500 processing system. (abstracti Prürppdin nf
1048 Metzger et al: Neuroendocrine control of GH secretion in CR!
the 39th Annual Conference on Engineering in Medicine and
Biology, Baltimore, 1986, p. 217
37. Kaxao RJ JR, NIIMI K, CT-IAN JCM, SANTOS F, HANNA JD,
POLETTI LF: Cortisone effects on growth, food efficiency, and in
vitro growth hormone release. Kidney mt 39:1135—1139, 1991
38. J0LIN T, GONZALEZ C: Plasma clearance of heterogeneous growth
hormone components in the rat: Effects of diabetes and starvation.
J Endocrinol Invest 13:209—216, 1990
39. Ho KY, VELDHU!S JD, JOHNSON ML, FURLANETTO R, EVANS
WS, ALBERT! KGMM, THORNER MO: Fasting enhances growth
hormone secretion and amplifies the complex rhythms of growth
hormone secretion in man. J Clin Invest 81:968—975, 1988
40. DEVESA J, LIMA L, TRESGUERRES JAF: Neuroendocrine control of
growth hormone secretion in humans. Trends Endocrinol Metab
3:175—183, 1992
41. BERTHERAT J, SLAMA A, K0RD0N C, VIDEAU C, EPELBAUM J:
Characterization of pericellular ['251]TyrO DTrp8 somatostatin bind-
ing sites in the rat arcuate nucleus by a newly developed method:
Quantitative high-resolution light microscopic radioautography.
Neuroscience 41:571—579, 1991
42. Wu SV, SUM!! K, TAR! A, MOGARD M, WALSH JH: Regulation of
gastric somatostatin gene expression. Metabolism 39 (Suppi 2): 125—
130, 1990
43. CONLON JM, MCCULLOCH AJ, WARD M, GOODSIHEIP T, ALBERT!
KGMM: Unimpaired clearance of somatostatin-14 in chronic renal
failure. Horm Metab Res 16:151—152, 1984
44. HIZUKA N, GORDEN P, LESNIAK MA, VAN OBBERGHEN E, CAR-
PENTIER J-L, ORcI L: Polypeptide hormone degradation and
receptor regulation are coupled to ligand internalization: A direct
biochemical and morphologic demonstration. J Biol Chem 256:
4591-4597, 1981
